Introduction
============

Multiple sclerosis (MS) is an autoimmune disease that is characterized by central nervous system (CNS) inflammation, demyelination, axonal loss, and degeneration.[@R1] Experimental autoimmune encephalomyelitis is a commonly studied autoimmune and inflammatory disease model of human MS.[@R2]^,^[@R3] Demyelination in EAE is mediated by peripheral preactivated, auto-reactive, myelin-specific T cells that migrate and infiltrate into the CNS, where they produce inflammatory cytokines, such as interleukins, IL1B, IL6, IL17A, as well as TNF (tumor necrosis factor) and IFNG (interferon gamma), leading to the damage of the myelin and axons.[@R4]^-^[@R7] By extension, a similar mechanism has been hypothesized in MS, though this remains conjecture.[@R2]^,^[@R3] Existing medications may effectively alleviate MS,[@R2]^,^[@R3]^,^[@R8] but cannot cure the disease. Additional therapies are needed to improve the long-term effectiveness on treating MS.

Multiple studies have demonstrated the beneficial effects of MSCs for reducing various inflammatory disorders, including MS,[@R9]^-^[@R11] graft-vs.-host disease,[@R12] rheumatoid arthritis,[@R13] sepsis, and bone injury.[@R14]^,^[@R15] Some studies suggest that transfer of MSCs leads to amelioration of EAE via a mechanism of inducing T cell anergy and reducing T helper (Th) 17 cell function.[@R16]^,^[@R17] The inflammatory microenvironment in vivo is an important prerequisite for MSCs to mediate their immunomodulatory functions.[@R18] For example, upon stimulation by inflammatory cytokines such as IFNG, TNF, IL1A, and IL1B, MSCs increase the production of PTGS2, NOS2 (nitric oxide synthase 2, inducible), IL10 and TGFB1 (transforming growth factor, β 1), leading to enhanced immunosuppressive functions.[@R18]^-^[@R22] Data from other studies further support the idea that the interaction between MSCs and the inflammatory microenvironment plays important roles in regulating the proliferation, differentiation, and immunomodulatory properties of MSCs.[@R14]^,^[@R15] However, there is little insight into the mechanism by which the inflammatory microenvironment controls the immune-regulatory function of MSCs.

Autophagy is a basic cellular homeostatic process that enables cells to eliminate portions of their own cytoplasmic contents, and it involves degradation of cellular components to ensure a cell's survival during stress conditions.[@R23]^-^[@R25] The autophagy pathway is positively regulated by starvation, growth factor deprivation, and a multitude of immune-related signaling molecules. The autophagy-related (*Atg*) genes such as *Atg5, Atg7*, and *Becn1*, are essential for autophagosome formation in various cells, such as fibroblasts, macrophages, lymphocytes, and MSCs.[@R26]^-^[@R28] Autophagy plays important roles in regulation of antigen presentation, lymphocyte homeostasis and survival, and cytokine production.[@R24] Recently, autophagy has been reported to promote differentiation of MSCs into neuron-like cells and provide protection against neurological disorders.[@R27] However, whether autophagy plays a role in regulating MSC-mediated immunomodulation remains elusive.

In this study, we demonstrated that autophagy occurred in MSCs during their application for EAE treatment. Inhibition of autophagy using genetic and pharmacological approaches enhanced the therapeutic effect of MSCs on EAE. Inhibition of autophagy improved the immunosuppression of MSCs on T cell proliferation through inducing the expression of PTGS2 and the downstream immunosuppressive factor, PGE2. Our findings identify autophagy to be a critical regulator of the immunomodulatory property of MSCs during their treatment for inflammatory diseases.

Results
=======

MSCs undergo autophagy in the inflammatory microenvironment of EAE
------------------------------------------------------------------

To determine whether MSCs undergo autophagy during treatment of EAE, enhanced green fluorescent protein (EGFP)-MAP1LC3 (microtubule-associated protein 1 light chain 3)-transfected MSCs were administered intravenously (i.v.) into naive mice or EAE mice on d 15 postimmunization. This resulted in a remarkable increase in EGFP-MAP1LC3 dot formation in the cytoplasm of MSCs located in the lung of EAE mice, but not of naive mice at 24 h and 48 h after cell administration ([Fig. 1A](#F1){ref-type="fig"}). However, MSCs were not detected in the spinal cord of EAE mice or naive mice at these time points (data not shown). Intriguingly, MSCs appeared in the spinal cord of EAE mice after 72 h, and cells were still detectable 120 h later, which were accompanied with marked EGFP-MAP1LC3 dot formation in the cytoplasm of MSCs ([Fig. 1B](#F1){ref-type="fig"}). In contrast, no MSCs were observed in the spinal cord of naive mice. The data indicate that MSCs undergo autophagy in the microenvironment of EAE. These results are also consistent with a recent finding that a large population of i.v.-infused MSCs accumulated in the lung and then gradually homed to sites of injury.[@R29]

![**Figure 1.** MSCs undergo autophagy in the inflammatory microenvironment. (**A and B**) MAP1LC3-EGFP-MSCs were injected into naive and EAE (on day 15) mice via tail vein. Mice were euthanized at 24, 48, 72, and 120 h later, the lungs and spinal cords were separated and cut into frozen sections. Sections were stained with DAPI and examined by confocal microscopy. (**C**) Immunoblot analysis of MSCs starved for 0 (control) to 12 h, or treated with TNF (20 ng/ml) or IFNG (50 ng/ml) for the indicated times. Densities of MAP1LC3-II were normalized to control treatment and relative fold changes of MAP1LC3-II were normalized to GAPDH. Representative data from 3 separate experiments are shown. (**D**) MSCs were starved or not starved (control), or treated with TNF (20 ng/ml) or IFNG (50 ng/ml) for 4 h. Cells were stained with anti-MAP1LC3 antibody and analyzed by confocal microscopy. MAP1LC3 puncta-positive cells were counted from 5 images in each group. Representative images from 3 independent experiments are shown. (**E**) Transmission electron microscopy was utilized to observe autophagosomes in MSCs starved or not starved (control), or treated with TNF (20 ng/ml) or IFNG (50 ng/ml) for 4 h. AV, autophagic vacuoles; N, nucleus. Representative images from 3 independent experiments are shown. (**F**) Immunoblot analysis of MSCs treated with the indicated concentrations (ng/ml) of TNF plus IFNG. (**G and H**) MSCs were treated with TNF (20 ng/ml) or/and IFNG (50 ng/ml) for 4 h. Expression levels of *Becn1*, *Atg5*, and *Atg7* were measured by quantitative real-time PCR (**G**) and immunoblot analysis (**H**). (**I and J**) MSCs were infected with control lentivirus (shNC-MSCs) or lentivirus-expressing shRNA targeting *Becn1* (sh*Becn1*-MSCs), and treated with or without TNF plus IFNG. Expression of BECN1 was measured by quantitative real-time PCR (**I**) and immunoblot analysis (**J**). \*\**P* \< 0.01.](auto-10-1301-g1){#F1}

Proinflammatory cytokines such as TNF and IFNG in EAE mice are necessary for activating the immunosuppressive function of MSCs.[@R20] To assess whether TNF and IFNG induce autophagy in MSCs, MSCs were cultured in the absence or presence of TNF or IFNG and cells were collected at various time points for analyses of activation of autophagy. Cells cultured under starvation conditions served as a positive control. Either TNF or IFNG treatment induced significant elevation of MAP1LC3-II in MSCs ([Fig. 1C](#F1){ref-type="fig"}), and autophagosome formation was observed by confocal microscopy and transmission electron microscopy ([Fig. 1D and E](#F1){ref-type="fig"}). To determine whether TNF and IFNG act synergistically to induce autophagy in MSCs, different doses of IFNG (ranging from 0 to 100 ng/ml) were added to MSCs that were treated with 10 ng/ml of TNF ([Fig. 1F](#F1){ref-type="fig"}, upper panel). Treatment with IFNG significantly promoted TNF-induced MAP1LC3-II upregulation in MSCs in a dose-dependent manner. To further confirm the synergistic effects of TNF and IFNG on the induction of MSC autophagy, TNF was added at various concentrations (0 to 50 ng/ml) to MSCs that were treated with 50 ng/ml of IFNG ([Fig. 1F](#F1){ref-type="fig"}, bottom panel). The IFNG-induced upregulation of MAP1LC3-II correlated with increase of TNF concentration. These data suggest that proinflammatory cytokines such as TNF and IFNG, produced during EAE, induce autophagy in MSCs.

Proinflammatory cytokines induce autophagy of MSCs by upregulating BECN1 expression
-----------------------------------------------------------------------------------

To determine whether TNF and IFNG induce autophagy in MSCs by increasing expression of BECN1, ATG5, or ATG7, which are 3 key factors for activation of autophagy, their expression was examined. MSCs were cultured in the absence or presence of TNF and/or IFNG. TNF treatment significantly upregulated expression of BECN1 at both mRNA and protein levels ([Fig. 1G and H](#F1){ref-type="fig"}). IFNG alone moderately upregulated expression of *Becn1* at mRNA level. Intriguingly, IFNG treatment further increased TNF-induced BECN1 expression at mRNA and protein levels ([Fig. 1G and H](#F1){ref-type="fig"}). It was notable that neither TNF nor IFNG treatment alone or in combination affected expression of ATG5 or ATG7.

To evaluate the role of BECN1 in autophagy induced by TNF plus IFNG treatment, BECN1 expression was reduced in MSCs using a lentivirus-expressing shRNA specific to *Becn1* (named sh*Becn1*-MSCs), and cells were cultured in the absence or presence of TNF plus IFNG. MSCs infected with a lentivirus-expressing scrambled shRNA (henceforth shNC-MSCs) were used as controls. *Becn1* knockdown decreased expression levels of MAP1LC3-II in MSCs treated with or without TNF plus IFNG as compared with control shRNA ([Fig. 1I and J](#F1){ref-type="fig"}). These results indicate that TNF plus IFNG treatment induces autophagy in MSCs by upregulating BECN1 expression.

Inhibition of autophagy improves the therapeutic effects of MSCs on EAE
-----------------------------------------------------------------------

We next examined whether autophagy affected the therapeutic effects of MSCs on EAE. sh*Becn1*-MSCs and shNC-MSCs were generated as described in [Figure 1J](#F1){ref-type="fig"}. MSCs were administered on d 3 and d 8 to prevent EAE (referred to as the preventive protocol), or on d 10 and d 15 to treat EAE (referred to as the therapeutic protocol). Interestingly, administration of sh*Becn1*-MSCs with either a preventive or a therapeutic protocol significantly improved the therapeutic effect on EAE compared with shNC-MSCs ([Fig. 2A and B](#F2){ref-type="fig"}). Histological examination showed there was less infiltration of mononuclear cells and decreased demyelination in the spinal cords of sh*Becn1*-MSC-treated mice as compared with those treated with shNC-MSCs ([Fig. 2C and D](#F2){ref-type="fig"}). Thus, inhibition of autophagy enhances the treatment effect of MSCs on EAE.

![**Figure 2.** Knockdown of *Becn1* improves the therapeutic effects of MSCs on EAE. (**A and B**) Clinical scores of EAE mice intravenously treated with PBS (n = 8 mice per group), shNC-MSCs (n = 7 mice per group), or sh*Becn1*-MSCs (n = 7 mice per group) for the preventive protocol (**A**) and therapeutic protocol (**B**) after immunization on the d as indicated by the arrow; 5 × 10^5^ cells per mouse each time. Data are shown as mean ± SEM from one out of 3 independent experiments. (**C**) EAE mice were treated with PBS, shNC-MSCs or sh*Becn1*-MSCs for therapeutic the protocol and euthanized on d 15. Representative spinal cord sections from these mice were stained with H&E or luxol fast blue. (**D**) Central nervous system-infiltrated mononuclear cells were isolated and counted from PBS (n = 6 mice per group), shNC-MSC (n = 6 mice per group), or sh*Becn1*-MSC (n = 6 mice per group) treated EAE mice on d 15. Data are shown as mean ± SEM from 3 independent experiments. \**P* \< 0.05, \*\**P* \< 0.01.](auto-10-1301-g2){#F2}

Inhibition of autophagy in MSCs enhances their immune regulatory effects on autoreactive T cell responses
---------------------------------------------------------------------------------------------------------

To determine the mechanisms by which sh*Becn1*-MSCs reduce EAE, changes within immune cell populations in the CNS and peripheral immune organs were examined. Compared with shNC-MSC treatment, administration of sh*Becn1*-MSCs significantly reduced the frequenci and absolute numbers of CD4^+^ and CD8^+^ T cells in the spinal cords and spleens of EAE mice on d 15 postimmunization ([Fig. 3A and B](#F3){ref-type="fig"}). By contrast, B cells and neutrophils remained largely unchanged between these 2 groups ([Fig. 3A](#F3){ref-type="fig"}). Remarkably, the mRNA and protein levels of key proinflammatory cytokines, such as TNF, IFNG, IL6, and IL17A, were reduced significantly in the spinal cords and sera from sh*Becn1*-MSC-treated EAE mice as compared with those of controls ([Fig. 3C and D](#F3){ref-type="fig"}). These observations suggest that sh*Becn1*-MSCs possess greater capability than control MSCs to reduce inflammatory CD4^+^ and CD8^+^ T cell responses during EAE.

![**Figure 3.** sh*Becn1*-MSCs display more efficient suppressive effects on autoreactive T cell responses. On d 15 after immunization, mononuclear cells were isolated from spinal cords and spleens of naive mice and PBS-, shNC-MSC-, or sh*Becn1*-MSC-treated EAE mice. (**A**) The percentages of CD4^+^ T cells, CD8^+^ T cells, B cells, and neutrophils were measured by flow cytometry. (**B**) The percentages and absolute numbers of CD4^+^ T cells and CD8^+^ T cells were determined. Data are shown as mean ± SEM (n = 6 mice per group). (**C**) Expression levels of *Tnf*, *Ifng*, *Il6*, and *Il17a* mRNAs in the spinal cord were determined by quantitative real-time PCR. Data are normalized to the gene expression level in naive mice and shown as mean ± SEM (n = 6 mice per group). (**D**) Levels of cytokines in sera of naive mice (n = 8 mice per group) and PBS (n = 10 mice per group)-, shNC-MSC (n = 10 mice per group)-, or sh*Becn1*-MSC (n = 12 mice per group)-treated EAE mice were determined by ELISA. Data are shown as mean ± SEM \**P* \< 0.05, \*\**P* \< 0.01.](auto-10-1301-g3){#F3}

sh*Becn1*-MSCs reduce the activation and expansion of CD4^+^ T cells in EAE mice
--------------------------------------------------------------------------------

Since CD4^+^ T cell-mediated immune responses play a central role in the pathogenesis of EAE,[@R30]^,^[@R31] investigations were focused on the bioactivities of CD4^+^ T cells in mice upon MSC-treatment. To this end, EAE mice subjected to MSC treatment with a preventive protocol were euthanized at d 15 postimmunization, and mononuclear cells derived from spinal cords and spleens were isolated for further analyses. sh*Becn1*-MSCs markedly decreased the expression of activation markers such as IL2RA and CD69 on CD4^+^ T cells compared with shNC-MSCs ([Fig. 4A and B](#F4){ref-type="fig"}). Moreover, there were considerably lower numbers of BrdU-positive CD4^+^ T cells and MKI67-positive CD4^+^ T cells in the spinal cords and spleens of sh*Becn1*-MSC-treated EAE mice compared with those of controls ([Fig. 4C and D](#F4){ref-type="fig"}). \[^3^H\]-thymidine incorporation was then performed to determine antigen-specific T cell proliferation in response to the MOG^35\ to\ 55^ peptide. As shown in [Figure 4E](#F4){ref-type="fig"}, splenocytes derived from sh*Becn1*-MSC-treated EAE mice showed significantly reduced proliferation in response to stimulation with MOG^35\ to\ 55^ in contrast to those derived from shNC-MSC-treated EAE mice. These data indicate that sh*Becn1*-MSC treatment suppresses CD4^+^ T cell activation and expansion more substantially than shNC-MSCs treatment does.

![**Figure 4.** Activation and expansion of CD4^+^ T cells is substantially inhibited in sh*Becn1*-MSC-treated mice. On d 15 after immunization, mononuclear cells were isolated from spinal cords and spleens of naive mice and PBS-, shNC-MSC-, or sh*Becn1*-MSC-treated EAE mice. (**A and B**) IL2RA and CD69 on CD4^+^ T cells were measured by flow cytometry (**A**) and their expression levels were plotted (**B**). Data are shown as mean ± SEM (n = 6 mice per group). (**C**) On d 13 after immunization, BrdU was injected i.p. into naive mice and PBS-, shNC-MSC- or sh*Becn1*-MSC-treated EAE mice. Mononuclear cells were isolated from spinal cords and spleens 48 h later, and stained for CD4 and BrdU. Data are representative of 3 independent experiments. (**D**) Naive mice or EAE mice were treated with PBS, shNC-MSCs, or sh*Becn1*-MSCs for the therapeutic protocol and euthanized on d 15. Representative spinal cord and spleen sections from these mice were stained with anti-CD4 antibody, anti-MKI67 antibody, DAPI, and the sections were examined by confocal microscopy. Representative images are shown. (**E**) Splenocytes derived from PBS, shNC-MSC-, or sh*Becn1*-MSC-treated mice were restimulated with MOG^35\ to\ 55^ (20 μg/ml) for 72 h and proliferation was examined by \[^3^H\]-thymidine incorporation. Data are shown as mean ± SEM of 3 independent experiments. \**P* \< 0.05, \*\**P* \< 0.01.](auto-10-1301-g4){#F4}

The effect of MSC treatment on differentiation of CD4^+^ helper T cell subsets was then evaluated. The frequencies of Th1 cells, Th17 cells, and regulatory T cells (Treg) in the spinal cord and spleen remained unaltered in sh*Becn1*-MSC-treated mice as compared with those of controls ([Fig. S1](#SUP1){ref-type="supplementary-material"}), suggesting that autophagy of MSCs does not affect their ability to influence T cell differentiation. Consistent with this, expression of CXCR3 and CCR6, 2 critical chemokine receptors expressed primarily on pathogenic Th1 and Th17 cells,[@R32] also remained unchanged on CD4^+^ T cells derived from spinal cords and spleens of EAE mice ([Fig. S2](#SUP1){ref-type="supplementary-material"}). Altogether, these data suggest that the improved treatment efficacy of sh*Becn1*-MSCs in EAE may be attributable to substantially reduced activation and expansion of myelin-specific CD4^+^ T cells.

sh*Becn1*-MSCs generate more PTGS2 to suppress T cell proliferation
-------------------------------------------------------------------

In vitro coculture systems were used to examine the mechanisms by which sh*Becn1*-MSCs reduced proliferation of MOG-specific CD4^+^ T cells. sh*Becn1*-MSCs suppressed T cell division more efficiently than shNC-MSCs did in a dose-dependent manner ([Fig. 5A and B](#F5){ref-type="fig"}). To determine the underlying mechanisms, MSCs were cultured with or without TNF plus IFNG and a variety of immunosuppressive genes were measured. TNF plus IFNG stimulation upregulated levels of *Ptgs2*, *Nos2*, *Il10*, and *Tgfb1* mRNAs in both sh*Becn1*-MSCs and shNC-MSCs ([Fig. 5C](#F5){ref-type="fig"}). Notably, sh*Becn1*-MSCs expressed higher levels of *Ptgs2* mRNA and protein than shNC-MSCs ([Fig. 5C and D](#F5){ref-type="fig"}). Consistent with this, PGE2, a downstream product of PTGS2 and an effector of immunosuppression, increased significantly in the supernatant fraction of sh*Becn1*-MSCs in contrast to that of shNC-MSCs ([Fig. 5E](#F5){ref-type="fig"}). The elevation of PGE2 was also observed in the sera of sh*Becn1*-MSCs-treated EAE mice compared with that of controls ([Fig. 5F](#F5){ref-type="fig"}). A functional study showed that NS398, a specific inhibitor of PTGS2, markedly reduced the suppressive effect of sh*Becn1*-MSCs on T cell proliferation to a level similar to that of shNC-MSCs ([Fig. 5G](#F5){ref-type="fig"}). These observations indicate that inhibition of BECN1 enhances the immunosuppression effect of MSCs on T cell proliferation mainly through upregulating PTGS2 expression.

![**Figure 5.** sh*Becn1*-MSCs generate more PTGS2 to suppress T cell proliferation. (**A**) Irradiated shNC-MSCs or sh*Becn1*-MSCs were cocultured with CFSE-labeled CD4^+^ T cells (2 × 10^5^ cells/well) for 5 d in the presence of anti-CD3 and anti-CD28 antibodies at the indicated ratio. Cells were collected for analysis by flow cytometry at the end of coculture. (**B**) Irradiated shNC-MSCs or sh*Becn1*-MSCs were cocultured with CD4^+^ T cells for 72 h at the indicated ratios. Proliferation of CD4^+^ T cells was examined by \[^3^H\]-thymidine incorporation. Data are shown as mean ± SEM of 5 independent experiments. (**C**) shNC-MSCs and sh*Becn1*-MSCs were treated with or without TNF (20 ng/ml) plus IFNG (50 ng/ml) for 4 h. Expression levels of *Ptgs2*, *Nos2*, *Il10,* and *Tgfb1* mRNAs were measured by quantitative real-time PCR. Data are shown as mean ± SEM of 4 independent experiments. (**D**) Immunoblot analysis of PTGS2 levels in shNC-MSCs and sh*Becn1*-MSCs treated with or without TNF (20 ng/ml) plus IFNG (50 ng/ml) for 6 h. (**E**) shNC-MSCs and sh*Becn1*-MSCs were treated with or without TNF (20 ng/ml) plus IFNG (50 ng/ml) for 24 h, and production of PGE2 in the supernatant fractions was measured by ELISA. Data are shown as mean ± SEM of 4 independent experiments. (**F**) Levels of PGE2 in sera of naive mice and PBS-, shNC-MSC- or sh*Becn1*-MSC-treated EAE mice were determined by ELISA. Data are shown as mean ± SEM (n = 6 mice per group). (**G**) Irradiated shNC-MSCs or sh*Becn1*-MSCs were cocultured with CD4^+^ T cells at the ratio of 1:20 for 3 d in the presence of anti-CD3 and anti-CD28 antibodies. NS398 (5 μM) was added to block PTGS2 activity. Proliferation of CD4^+^ T cells was examined by \[^3^H\]-thymidine incorporation. Data are shown as mean ± SEM of 5 independent experiments. Representative data from 3 separate experiments are shown (**A and D**). \**P* \< 0.05, \*\**P* \< 0.01.](auto-10-1301-g5){#F5}

Inhibition of autophagy increases PTGS2 expression through activation of the ROS-MAPK1/3 pathway
------------------------------------------------------------------------------------------------

The pathways that regulate expression of PTGS2 were examined. A higher basal phosphorylation level of mitogen-activated protein kinases, MAPK1/3, was observed in sh*Becn1*-MSCs in contrast to that in shNC-MSCs. Stimulation with TNF plus IFNG further increased phosphorylated MAPK1/3 in sh*Becn1*-MSCs but did not affect phosphorylation of MAPK14, MAKP8, or NFKBIA ([Fig. 6A](#F6){ref-type="fig"}). It is reported that reactive oxygen species (ROS) can regulate MAPK and NFKB signaling pathways,[@R33] thus generation of ROS in MSCs was examined. As shown in [Figure 6B](#F6){ref-type="fig"}, sh*Becn1*-MSCs produced more ROS than shNC-MSCs at a basal level; TNF plus IFNG stimulation further upregulated ROS generation in sh*Becn1*-MSCs, which was blocked by a specific ROS scavenger, N-acetyl cysteine (NAC). Interestingly, increased phosphorylation of MAPK1/3 was reversed by NAC ([Fig. 6C](#F6){ref-type="fig"}). Moreover, both NAC and PD98059, a specific inhibitor of MAPK1/3, reduced levels of *Ptgs2* mRNA and protein in MSCs treated with TNF plus IFNG ([Fig. 6D and E](#F6){ref-type="fig"}). The roles of ROS and MAPK1/3 activation in regulating the immunosuppressive property of MSCs were then examined. As shown in [Figure 6F](#F6){ref-type="fig"}, PD98059 or NAC pretreatment significantly reversed the suppressive effects of sh*Becn1*-MSCs on CD4^+^ T cell proliferation to levels similar to those of shNC-MSCs. These data suggest that inhibition of autophagy can increase PTGS2 expression through activation of the ROS-MAPK1/3 pathway in MSCs.

![**Figure 6.** Inhibition of autophagy increases PTGS2 expression through activation of the ROS-MAPK1/3 pathway. (**A**) shNC-MSCs and sh*Becn1*-MSCs were treated with or without TNF (20 ng/ml) plus IFNG (50 ng/ml). Cells were harvested and analyzed by immunoblot at the indicated time points. (**B**) shNC-MSCs and sh*Becn1*-MSCs were treated with or without TNF (20 ng/ml) plus IFNG (50 ng/ml) for 6 h, then incubated with CM-H~2~DCFDA (2.5 μM) for 30 min, and analyzed by flow cytometry. Relative CM-H~2~DCFDA fluorescence was normalized to control. The graph (mean ± SEM) shows relative CM-H~2~DCFDA fluorescence from 3 independent experiments. (**C**) Immunoblot analysis of MAPK1/3 phosphorylation in shNC-MSCs and sh*Becn1*-MSCs treated with or without NAC for 4 h. (**D and E**) shNC-MSCs and sh*Becn1*-MSCs were treated with MAPK1/3 inhibitor PD98059 (20 μM) or ROS inhibitor NAC (10 mM) for 30 min prior to TNF plus IFNG treatment. (**D**) After TNF (20 ng/ml) plus IFNG (50 ng/ml) treatment for 4 h, *Ptgs2* expression was measured by quantitative real-time PCR. Data are shown as mean ± SEM of 3 independent experiments. (**E**) After TNF (20 ng/ml) plus IFNG (50 ng/ml) treatment for 6 h, cells were analyzed by immunoblots. (**F**) shNC-MSCs and sh*Becn1*-MSCs were pretreated with MAPK1/3 inhibitor PD98059 (20 μM) or ROS inhibitor NAC (10 mM) for 4 h prior to coculture with CD4^+^ T cells at the ratio of 1:20. Data are shown as mean ± SEM of 5 independent experiments. Data are representative of 3 independent experiments (**A, C, and E**). \**P* \< 0.05, \*\**P* \< 0.01.](auto-10-1301-g6){#F6}

3-MA-pretreatment improves the therapeutic effect of MSCs on EAE
----------------------------------------------------------------

Finally, we examined whether inhibition of autophagy with a pharmacological approach improves the therapeutic potential of MSCs in EAE. MSCs were pretreated for 12 h with 3-methyladenine (3-MA), which is a nonspecific inhibitor of autophagy ([Fig. 7A](#F7){ref-type="fig"}).[@R34] Cells were then administered on d 10 and d 15 postimmunization. As shown in [Figure 7B](#F7){ref-type="fig"}, 3-MA-pretreated MSCs possessed greater ability than untreated MSCs to reduce EAE in these mice. Mice given MSCs pretreated with 3-MA showed a significant reduction in CD4^+^ T cell infiltration in the CNS ([Fig. 7C](#F7){ref-type="fig"}); this was accompanied by a decreased frequency of BrdU-positive CD4^+^ T cells in the spinal cord and spleen ([Fig. 7D](#F7){ref-type="fig"}). 3-MA-pretreated MSCs produced more ROS, had higher phosphorylation of MAPK1/3, and generated more PTGS2 both in the absence and presence of TNF plus IFNG stimulation ([Fig. 7E and F](#F7){ref-type="fig"}). Addition of NAC or PD98059 abrogated the effect of 3-MA on MSCs ([Fig. 7G](#F7){ref-type="fig"}). Taken together, these data suggest that pharmacological treatment of MSCs promote their immunosuppressive effects on T cell-mediated EAE through a mechanism of inhibiting autophagy.

![**Figure 7.** 3-MA pretreatment of MSCs improves their therapeutic efficacy in EAE. (**A**) MSCs were treated with or without 3-MA (10 mM) for 12 h and analyzed by immunoblots. (**B**) Clinical scores were obtained for EAE mice treated with PBS (n = 10 mice per group), MSCs (n = 12 mice per group), and 3-MA-pretreated MSCs (n = 12 mice per group). Data are shown as mean ± SEM from one out of 3 independent experiments. (**C and D**) Central nervous system-infiltrated mononuclear cells were isolated from PBS- (n = 6 mice per group), MSC- (n = 6 mice per group), and 3-MA-pretreated MSC-treated (n = 6 mice per group) EAE mice on day 15, and total cell numbers were counted. (**C**) Cells were stained with anti-CD4 antibody and CD4^+^ T cell numbers were determined. Data are shown as mean ± SEM (n = 6 mice per group). (**D**) Cells were stained with anti-CD4 and anti-BrdU antibodies, and analyzed by flow cytometry. (**E**) MSCs were pretreated with 3-MA for 12 h, cells were then treated with or without TNF (20 ng/ml) plus IFNG (50 ng/ml) for 6 h. NAC was added to inhibit ROS generation. Cells were then incubated with CM-H~2~DCFDA (2.5 μM) for 30 min and analyzed by flow cytometry. (**F**) MSCs were pretreated with 3-MA for 12 h, cells were then treated with MAPK1/3 inhibitor PD98059 (20 μM) or ROS inhibitor NAC (10 mM) for 30 min prior to TNF plus IFNG treatment, and cells were analyzed by immunoblots. (**G**) MSCs were pretreated with 3-MA for 12 h, then treated with MAPK1/3 inhibitor PD98059 (20 μM) or ROS inhibitor NAC (10 mM) for 30 min prior to TNF (20 ng/ml) plus IFNG (50 ng/ml) treatment for 4 h. The expression of *Ptgs2* was measured by quantitative real-time PCR. Data are shown as mean ± SEM of 4 independent experiments. \**P* \< 0.05, \*\**P* \< 0.01.](auto-10-1301-g7){#F7}

Discussion
==========

Recently, MSCs have been reported to enhance autophagy of neuronal cells and exert a neuroprotective effect through modulation of Aβ clearance.[@R35] Here we demonstrate for the first time that MSCs themselves undergo autophagy in response to the inflammatory environment of EAE. Inflammatory cytokines (e.g., TNF and IFNG)-induced autophagy regulates the immunosuppressive function of MSCs. Inhibition of autophagy by knockdown of *Becn1* significantly improved the therapeutic effects of MSCs on EAE. This effect was associated with enhanced suppression of activation and expansion of CD4^+^ T cells. We found that inhibition of autophagy in MSCs increased their ROS generation and MAPK1/3 activation, which are essential for upregulating PTGS2; PTGS2, in turn, has potent immunoregulatory function. Furthermore, pharmacological inhibition of autophagy by 3-MA markedly improved the therapeutic effect of MSCs on EAE. Our findings suggest that modulation of autophagy in MSCs may present a novel strategy to improve their therapeutic efficacy in EAE and other inflammatory disorders in a broad context.

Recent studies have demonstrated that the interaction between MSCs and the inflammatory microenvironment determines the outcome of MSC-mediated therapy.[@R15]^,^[@R20] For example, Liu et al. have shown that inflammatory T cells induce apoptosis of MSCs and govern MSC-based regeneration of bone tissue via secretion of TNF and IFNG.[@R15] Krampera et al. demonstrate that activated T cells and NK cells secrete IFNG to stimulate production of IDO1 (indoleamine 2, 3-dioxygenase 1) by human MSCs, which in turn inhibits the proliferation of activated T or NK cells.[@R36] These results suggested that coinfusing MSCs with a graft has a beneficial effect on inflammatory diseases. By infusing EGFP-MAP1LC3 MSCs intravenously, we detected considerably enhanced EGFP-MAP1LC3 dot formation in the cytoplasm of MSCs located in the lung, and more importantly, spinal cord of EAE mice at various time points after MSC infusion. Since the spinal cord is the target organ of inflammatory responses in MS and EAE, these results demonstrate for the first time that MSCs undergo autophagy in the inflammatory microenvironment.

TNF and IFNG are 2 proinflammatory cytokines that play critical roles in the pathogenesis of EAE.[@R5]^,^[@R37] On the other hand, they are known to be required for MSCs to exert their immunosuppressive functions.[@R21]^,^[@R38] For example, IFNG significantly increases the expression of HMOX1 (heme oxygenase \[decycling\] 1) and PTGS2 in human MSCs to promote their suppressive function.[@R21] The combination of IFNG and TNF elicits the immunosuppressive function of MSCs by inducing expression of high levels of several chemokines and effectors in MSCs.[@R20] In separate experiments, we observed that IFNG and TNF were important for MSCs to suppress T cell proliferation elicited by T cell receptor signaling. Addition of neutralizing antibodies specific to IFNG and TNF reversed the suppressive effect of MSCs on T cell proliferation upon T cell receptor activation (data not shown). Notably, a recent study has indicated that, after disease stabilization, the therapeutic efficacy of MSCs in mouse EAE model was not as apparent as that in the acute phase.[@R16] One plausible explanation is that low levels of inflammatory cytokines in recipients with stabilized disease may be insufficient to elicit the immunomodulatory effect of MSCs. Intriguingly, we found that both IFNG and TNF were able to induce autophagy in exogenously infused MSCs. Moreover, these 2 cytokines acted synergistically to induce the upregulation of MAP1LC3-II in MSCs by increasing BECN1 expression, which corroborates previous findings that IFNG and TNF are able to induce BECN1 expression in various cell types to activate autophagy.[@R39]^,^[@R40] It would be interesting to determine whether these cytokines also affect host MSCs through a mechanism of autophagy in physiological conditions.

Autophagy is extensively involved in several biological activities including cell survival, lymphocyte homeostasis, and regulation of cytokine production.[@R24] We demonstrate that inhibition of autophagy in MSCs by knockdown of *Becn1* enhances the immunosuppressive effects of MSCs on T cell activation and proliferation, resulting in improved therapeutic efficacy in EAE. These findings indicate the importance of autophagy in regulating the immunomodulatory function of MSCs in the inflammatory microenvironment. All these data indicate that the inflammatory microenvironment may have a dual function in the context of affecting the immunomodulatory property of MSCs. Although inflammatory cytokines such as IFNG and TNF may enhance the immunosuppressive function of MSCs, they possess the ability to induce autophagy of MSCs, which acts as a negative feedback mechanism to reduce the immunomodulatory activity of MSCs. Thus, the immunoregulatory function of MSCs is not fixed, but reflects the result of their crosstalk with the microenvironment. Unraveling the signaling pathways associated with the autophagy induction and the licensing of immunosuppressive property of MSCs by inflammatory cytokines will provide insight into the influence of inflammatory microenvironment on the biological activities of MSCs.

A variety of immunosuppressive molecules such as PTGS2, NOS2, IL10, and TGFB1 can be induced in MSCs by IFNG and TNF. These molecules are reported to act synergistically to mediate the suppressive effects of MSCs in the inflammatory microenvironment.[@R38] Interestingly, in the current study, inhibition of autophagy by knockdown of *Becn1* or 3-MA-pretreatment only significantly upregulated PTGS2 expression but not other proteins in MSCs. PTGS2 catalyzes conversion of arachidonic acid to PGE2, and it plays a pivotal role in the immunosuppressive function of MSCs by suppressing T cell proliferation.[@R12]^,^[@R14]^,^[@R41]^-^[@R43] We found that inhibition of autophagy further increased PGE2 production that is induced by inflammatory cytokines, and inhibition of PTGS2 by NS398 markedly prevented the enhanced immunosuppressive function of sh*Becn1*-MSCs. Thus, PTGS2 plays an important role in autophagy-mediated modulation of MSC immunosuppression.

ROS serves as a critical signaling molecule in a variety of cellular processes, including cell proliferation, survival, differentiation, and programmed cell death.[@R33]^,^[@R44] Autophagy can reduce ROS levels via SQSTM1/p62-mediated delivery of oxidized protein aggregates to autophagosomes.[@R45]^,^[@R46] We find that sh*Becn1*-MSCs produce more ROS than control MSCs in the inflammatory microenvironment. Moreover, ROS production elicits MAPK1/3 activation, and activation of the ROS-MAPK1/3 pathway is required for upregulation of PTGS2 in MSCs. Interestingly, a previous study also demonstrates activation of the ROS-MAPK1/3-PTGS2 pathway in esophageal adenocarcinoma cells by *commensal bacteria* and the resultant products.[@R47]^,^[@R48] Collectively, our data suggest that autophagy influences the ROS-MAPK1/3-PTGS2 pathway in MSCs, and consequently affects the immunomodulatory property of MSCs.

Previous studies have shown that there are similarities but also differences between human and murine MSCs.[@R49]^,^[@R50] For example, both human and murine MSCs can generate effector molecules such as PGE2, IL6, and IL10.[@R14]^,^[@R51]^,^[@R52] However, in response to stimulation of proinflammatory cytokines such as IFNG and TNF, murine MSCs produce high levels of NOS2 and low levels of IDO1. In contrast, human MSCs express abundant IDO1 but very little NOS2.[@R22] In the present study, we found that murine MSCs underwent autophagy in the inflammatory microenvironment, which resulted in downregulation of their immunomodulatory capability in a ROS-MAPK1/3-PTGS2-PGE2-dependent manner. Interestingly, data from recent studies suggest that autophagy also occurs in human MSCs under certain conditions.[@R53]^,^[@R54] Our findings justify investigation of the influence of inflammatory microenvironment on the immunomodulatory activity of human MSCs.

Several studies have reported that MSCs can ameliorate development of EAE through suppression of T cell-mediated responses.[@R16]^,^[@R17] In the present study, we administered *shBecn1*-MSCs as a treatment of EAE and we found that these MSCs ameliorate the severity of EAE more efficiently than control MSCs. Moreover, we demonstrated that 3-MA, a pharmacological inhibitor of autophagy that targets PtdIns3K, improved the therapeutic efficacy of MSCs.[@R34] Our results suggest that pharmacological inhibition of autophagy may lead to new approaches that improve the immunotherapeutic effects of MSCs in inflammatory diseases. However, autophagy occurs at a basal level in most tissues and maintains cell survival and homeostasis. Impaired autophagy may link to the risk of tumor formation.[@R55]^-^[@R58] *Becn1*^+/−^ mice develop tumors under certain circumstances.[@R56]^,^[@R57] In humans, allelic loss of the *Becn1* gene is prevalent in breast, ovarian, and prostate cancers.[@R58] These observations suggest that in vivo administration of autophagy inhibitors might have a potential drawback of increased risk of tumor formation. Building on our findings, we propose that pretreatment of MSCs with a pharmacological autophagy inhibitor in vitro followed by thoroughly washing to remove the compound may be an alternative solution to improve the immunomodulatory activity of MSCs.

In summary, our findings indicate that inflammatory microenvironment-induced autophagy downregulates the immunosuppressive function of MSCs. Therefore, modulation of autophagy in MSCs may provide a novel strategy to improve MSC-based immunotherapy. Given its potent effects on reducing T cell responses, it will be valuable to investigate whether inhibition of autophagy in MSCs may augment their immunoregulatory effects on other T cell-mediated inflammatory disorders such as rheumatoid arthritis and inflammatory bowel disease.

Materials and Methods
=====================

MSC culture
-----------

Female C57BL/6 mice were purchased from the Shanghai Laboratory Animal Center of the Chinese Academy of Sciences and housed under specific pathogen-free conditions in the animal center of Shanghai Jiao Tong University School of Medicine (Shanghai, China). Bone marrow cells were flushed from the bone cavity of femurs and tibias of mice with DMEM-low glucose (Hyclone, SH30021.01B) containing 10% FBS (Gibco, 12664025). A single-cell suspension of all nucleated cells was obtained by passing all bone marrow cells through a 70-μm cell strainer (BD Biosciences, 352340). All the single cells were seeded at 1 × 10^6^/100-mm culture dish (Corning, 430167) and initially incubated for 48 h at 37 °C and 5% CO~2~. To eliminate the nonadherent cells, the cultures were washed with PBS (Invitrogen, 21600044) twice on the second day. The attached cells were cultured with DMEM-low glucose supplemented with 15% FBS, 2 mM L-glutamine (Invitrogen, 35050-061), 100 U/ml penicillin, and 100 μg/ml streptomycin (Invitrogen, 15140-122). Cell surface marker analysis confirmed that MSCs were positive for CD44 (12-0441-81) and LY6A (17-5981-81), negative for ITGAM (12-0112-81), PECAM1 (12-0311), CD34 (11-0341-81), PTPRC (17-0451-82), MHC class I (12-5999) and MHC class II (12-5321). All of these antibodies were purchased from eBioscience. Cells were used at the 5th to 15th passages.

Lentiviral vector construction
------------------------------

Oligonucleotides with the following nucleotide sequences were used for the cloning of shRNA-encoding sequences into a lentiviral vector pLVX-shRNA2 (Gift from Dr Xiaoren Zhang): *Becn1* (sh*Becn1*): 5′-gatccGGAGA AAGGCAAGAT TGAAGATTCA AGAGATCTTC AATCTTGCCT TTCTCCTTTT TTg-3′; Scrambled control (shNC): 5′-gatccACTAC CGTTGTTATA GGTGTTCAAG AGACACCTAT AACAACGGTA GTTTTTTTg-3′ (Synthesized by GenePharma).

High-titer lentiviral stocks were produced and used at a multiplicity of infection of 50 to infect MSCs, and the efficiency of infection exceeded 95%. MSCs were infected with scrambled control lentivirus (shNC-MSCs) or lentivirus-expressing shRNA inhibiting the essential autophagy gene *Becn1* (sh*Becn1*-MSCs).

EAE model induction and treatment
---------------------------------

EAE was induced as follows: mice (age 6 to 8 wk) were immunized subcutaneously (s.c.) with a mixture of myelin oligodendrocyte glycoprotein (MOG^35\ to\ 55^, MEVGWYRSPFSRVVHLYRNGK, 300 μg/mouse, synthesized by GL Biochem) and complete Freund's adjuvant (Sigma-Aldrich, F5506) containing 5 mg/ml *Mycobacterium tuberculosis* H37Ra (BD Difco, 231141). Pertussis toxin (200 ng/mouse, List Biological Laboratories, 181) in PBS was administered i.v. on day 0 and day 2. PBS, shNC-MSCs or sh*Becn1*-MSCs (5 × 10^5^ cells/mouse) were administered i.v. on d 3 and d 8 for the preventive protocol and on d 10 and d 15 for the therapeutic protocol. In some experiments, naive MSCs were treated with 3-MA (10 mM, Sigma-Aldrich, M9281) for 12 h, and then were injected i.v. on d 10 and d 15. Mice were examined daily and scored for disease severity by the standard scale: 0, no clinical signs; 1) limp tail; 2) paraparesis with incomplete paralysis of 1 or 2 hind limbs; 3) paraplegia with complete paralysis of 2 hind limbs; 4) paraplegia with fore limb weakness or paralysis; 5) moribund or death. All animal procedures were approved by the Animal Welfare & Ethics Committee of Shanghai Jiao Tong University School of Medicine.

In vivo autophagy assay
-----------------------

MSCs were infected with lentivirus-expressing EGFP-MAP1LC3 and administered into naive and EAE mice via tain vein for the indicated times. Mice were then euthanized, the lungs and the spinal cords separated, embedded into OCT (SAKURA, 4583), and stored at -80 °C. Frozen sections were cut, stained with 4', 6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, D9542), and analyzed by confocal microscopy.

Flow cytometry analysis
-----------------------

Spinal cords and spleens were separated from naive mice and PBS-, shNC-MSC-, or sh*Becn1*-MSC-treated EAE mice after euthanasia. Mononuclear cells were isolated from spinal cords with Percoll (GE healthcare 17-0891-09) or from spleens with Ficoll (Lymphoprep^TM^, 1114547). Cells were stained with anti-CD4 (eBioscience, 17-0041-83; BD Biosciences, 553729), anti-CD8 (BD Biosciences, 553035), anti-PTPRC (45-0452-82), anti-LY6G (11-5931-82), anti-ITGAM (BD Biosciences, 553312), anti-IL2RA (12-0251-83), anti-CD69 (11-0691-82), anti-CXCR3 (12-1831-80), and anti-CCR6 antibodies (Biolegend, 129814). For Th1 cell, Th17 cell and Treg cell analysis, cells were stained with surface marker, permeabilized with the Intracellular Fixation and Permeabilization Buffer Set (eBioscience, 88-8824-00), and then stained with anti-IFNG (11-7311-82), anti-IL17A (12-7177-81), and anti-FOXP3 (12-5773-80) antibodies. All these antibodies were purchased from eBioscience, unless marked otherwise. The samples were analyzed by flow cytometry (FACSAria II, BD Biosciences, San Jose, CA USA)

Ex vivo and in vivo T cell proliferation assays
-----------------------------------------------

For ex vivo T cell proliferation assay, splenocytes from PBS-, shNC-MSC- or sh*Becn1*-MSC-treated EAE mice were isolated and stimulated with MOG^35\ to\ 55^ (20 μg/ml) for 72 h and \[^3^H\]-thymidine was added 18 h before the end of the coculture. For in vivo T cell proliferation assay, bromodeoxyuridine (BrdU, 2 mg/mouse, Sigma-Aldrich, B5002) was injected into naive mice and PBS-, shNC-MSC- or sh*Becn1*-MSC-treated EAE mice via the intraperitoneal route on the indicated d. 48 h later, mice were euthanized and mononuclear cells were isolated from spinal cords and spleens. Immunofluorescent staining of incorporated BrdU was performed according to the BrdU Flow Kit instruction manual (BD Biosciences, 559619). The cells were analyzed by flow cytometry.

In vitro T cell proliferation assays
------------------------------------

shNC-MSCs and sh*Becn1*-MSCs were irradiated with 30 Gy from a 137 Cs source and seeded into 96-well plates. Freshly isolated CD4^+^ T cells (2 × 10^5^ cells/well, Miltenyi Biotec, 130-049-201) were labeled with 2.5 μM CFSE (Invitrogen, C34554) and cocultured with MSCs for 5 d in the presence of anti-CD3 (2 μg/ml, eBioscience, 16-0031-85) and anti-CD28 (2 μg/ml, eBioscience, 16-0281-85) antibodies, then collected for flow cytometric analysis. In some experiments, irradiated shNC-MSCs or sh*Becn1*-MSCs were cocultured with CD4^+^ T cells for 72 h and \[^3^H\]-thymidine was added 18 h before the end of coculture. In some other experiments, PTGS2 inhibitor (NS398, Sigma-Aldrich, N194), pMAPK1/3 inhibitor (PD98059, Merck, 513000), or ROS scavenger (N-Acetyl-[l]{.smallcaps}-cysteine, NAC, Sigma-Aldrich, A9165) was added to the coculture system.

Quantitative real-time PCR
--------------------------

Total RNA was extracted from MSCs at the indicated times and was subsequently reverse-transcribed using a Reverse Transcription System (Takara, DRR036A). Quantitative PCR was performed using SYBR Green PCR mix (Roche, 4913914001) on an ABI Prism^®^ 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA). *Actb* was used as an internal control to normalize for differences in the amount of total RNA in each sample. The primer sequences are listed in [Table S1](#SUP1){ref-type="supplementary-material"}.

Immunoblot
----------

Cells were lysed with ice-cold RIPA buffer (Pierce, 89900) containing protease and phosphatase inhibitors (Roche, 04693159001). The lysates were fractionated by SDS-PAGE and analyzed by immunoblot with specific antibodies to MAP1LC3-I/-II (4108), GAPDH (2118), BECN1 (3738), ATG5 (8540), total MAPK1/3 (9102), total NFKBIA (4812), total MAPK8 (9258), total MAPK14 (9212), p-NFKBIA (9246), p-MAPK1/3 (4370), p-MAPK14 (9215) and p-MAPK8 (4671), ATG7 (8558), PTGS2 (BD Biosciences, 610204). All these antibodies were purchased from Cell Signaling Technology, unless marked otherwise. Immunoblot bands were quantified by densitometry using ImageJ. Densities were normalized to control treatment and relative folds were normalized to GAPDH.

Confocal microscopy
-------------------

MSCs were seeded into 12-well plates with lysine-coated slides and stimulated with TNF (20 ng/ml, R&D Systems, 410-MT), IFNG (50 ng/ml, R&D Systems, 485-MI), or starved with minimum essential medium with Earle's balanced salts (MEM/EBSS, Hyclone, SH30024.02) for 4 h. The cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% (vol/vol) Triton X-100 (Sigma-Aldrich, T9284), blocked with 2% BSA (Santa Cruz, sc-2323), and incubated with anti-MAP1LC3 antibody (Cell Signaling Technology, 4108) overnight. Cells were washed with PBST and incubated with Cy3-labeled secondary antibody (Jackson, 111-165-003) and DAPI. For the MKI67 assay, mice were euthanized. Spinal cord and spleen were separated from naive mice and PBS-, shNC-MSC-, or sh*Becn1*-MSC-treated EAE mice, and embedded in OCT. Frozen sections were cut and permeabilized with 0.1% (vol/vol) Triton X-100, blocked with 2% BSA, and stained with anti-MKI67 antibody (Abcam, ab15580) and anti-CD4 antibody (BD Biosciences, 550280). Cells were washed with PBST, and incubated with either Alexa 488- or Cy3-labeled secondary antibody (Invitrogen, CA11070), together with DAPI. Confocal microscopy (TCS SP5, Leica Microsystems, Wetzlar, Germany) was used for examining the slides and images were obtained.

Electron microscopy
-------------------

After treatment with TNF, IFNG, and MEM/EBSS, MSCs was washed in ice-cold PBS, fixed with 2% glutaraldehyde (Sigma-Aldrich, G5882), and washed twice with PBS. MSCs were post-fixed with 1% osmium tetroxide (Sigma-Aldrich, 75632), dehydrated, and treated with propylene oxide (Sigma-Aldrich, 82320) before being embedded in epoxy resin (Sigma-Aldrich, A3183). MSCs were cut into thin sections, stained with lead citrate (Sigma-Aldrich, 15326), and analyzed with transmission electron microscopy (CM-120, Philips, Eindhoven, Netherlands).

PGE2 detection
--------------

ShNC-MSCs and sh*Becn1*-MSCs were stimulated with TNF (20 ng/ml) plus IFNG (50 ng/ml) for 24 h. PGE2 in MSC culture supernatant fractions and the sera of EAE mice injected with PBS, ShNC-MSCs or sh*Becn1*-MSCs was quantified with a PGE2 enzyme-linked immunosorbent assay (ELISA) kit according to the manufacturer's guidelines (R&D Systems, KGE004B).

ROS assay
---------

MSCs were plated in 6-well plates and treated with TNF (20 ng/ml) plus IFNG (50 ng/ml) for 24 h. Culture medium was removed and cells were washed with PBS and incubated with CM-H~2~DCFDA (Invitrogen, C400) at 2.5 μM final concentration in serum-free medium for 30 min at 37 °C. Cells were washed with warmed PBS, removed from plates, immediately resuspended in cold PBS containing 1% FBS, and subjected to flow cytometric analysis. Unstained controls were treated similarly, except that treatments and dyes were omitted.

Histopathology
--------------

Mice injected with PBS, shNC-MSCs, or sh*Becn1*-MSCs were euthanized. Spinal cords were isolated, dehydrated with alcohol, and embedded in paraffin. Then sections of spinal cords were stained with hematoxylin and eosin (H&E; Beyotime, C0105) or luxol fast blue (Sigma-Aldrich, S3382)

Statistics
----------

Statistical analysis was performed with GraphPad Prism 5 and SPSS 17.0. To compare 2 means, the unpaired Student *t* test or Mann-Whitney U test was used. To compare EAE curves, the nonparametric Kruskal-Wallis test was used. *P* \< 0.05 was considered statistically significant.
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3-MA

:   3-methyladenine

*Atg*

:   autophagy-related (gene)

BECN1

:   Beclin 1, autophagy-related

CNS

:   central nervous system

EAE

:   experimental autoimmune encephalomyelitis

EGFP

:   enhanced green fluorescent protein

H&E

:   haematoxylin and eosin

IDO1

:   indoleamine 2, 3-dioxygenase 1

IFNG

:   interferon, gamma

IL

:   interleukin

i.v.

:   intravenously

MAP1LC3

:   microtubule-associated protein 1 light chain 3

MAPK

:   mitogen-activated protein kinase

MEM/EBSS

:   minimum essential medium with Earle's balanced salts

MSCs

:   mesenchymal stem cells

MS

:   multiple sclerosis

NAC

:   N-acetyl cysteine

NOS2

:   nitric oxide synthase 2, inducible

PGE2

:   prostaglandin E2

PTGS2

:   prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and cyclooxygenase)

ROS

:   reactive oxygen species

TNF

:   tumor necrosis factor

Treg

:   regulatory T cells

Th

:   T helper

TGFB1

:   transforming growth factor, beta 1
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